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SUMMARY 
Two sets of tower data, taken at Kennedy Space Flight Center and 
Argonne National Laboratories, were used to investigate the possibility 
of establishing a theoretical model for projection of wind speed with 
height within the atmospheric boundary layer using wind speed at a pre-
fixed level and net radiation for boundary conditions. The required 
value of net radiation can either be measured directly or estimated. 
The latest work that has been done for relating cloud cover, time of 
day, latitude and net radiation is discussed and referenced. 
Different methods were suggested for isolation of the set of neu-
trally stable profiles during five years of hourly data, both for 
Kennedy and Argonne. Neutral Stability is necessary for estimating the 
roughness of the terrain as a function of direction. The logarithmic 
law was used for the neutral profiles to check on the values of rough-
ness lengths estimated. 
A comparison was made between the empirical representation of the 
non-dimensional wind speed and temperature gradients and the theoreti-
cal representation referred to as KEYPS function. It was found 
that they both represent the profiles within the accuracy of measure-
ment. 
The value of the critical Richardson number was computed for both 
towers and it was found to be much higher than it is usually assumed to 
be, which in turn introduced changes in Webb's formula for extremely 
stable stratification. 
xi v 
Since the Monin-Obukov length is a function of net radiation, wind 
shear and roughness length, an attempt was made to describe the nature 
of this dependence. 
The hourly wind speed and temperature profiles were used to cal-
culate the Monin-Obukov Length that would minimize the error between 
the theoretical model and the measured data for different net radiation 
classes, speed classes and roughness lengths. 
The results obtained show the right physically plausible trend for 
variation of the Monin-Obukov length with net radiation and wind speed 
at a given level. Also it shows that within the surface layer the wind 
speed profile can be predicted within measurement errors. 
Since the range of variation of roughness lengths of the two towers 
is limited, the functional dependence of the Monin-Obulov length on 
roughness length had to be investigated, otherwise the values obtained 
for the Monin-Obukov length will be true only locally and it could not 
be guaranteed for all types of terrain. 
The rate of change of the Monin-Obukov length L with respect to 
roughness length was deduced. In some stability regions the functional 
dependence of L on roughness length was found in a closed form. The 
theoretical form of the functional dependence of L on roughness length 
was checked by comparing values of L calculated theoretically with aver-
aged values of L at specific direction intervals for the Argonne and 
Kennedy towers at the same roughness length. 
The values of L predicted theoretically agreed fairly well with 
the values of L averaged from the profiles. 
The relation between L and roughness length was solved for a wide 
range of roughness lengths given L at the average roughness length at 
XV 
the Argonne tower as initial conditions. Hence the complete dependence 
of L on wind speed at a given level, net radiation and roughness length 
was establi shed. 
The methodology for the projection of wind speed with height 
given wind speed at a predetermined level, net radiation and roughness 
length was suggested. The final check on the methodology suggested was 
carried out for both Kennedy and Argonne tower data by calculating the 
root mean square error between measured and predicted profiles. The 
projected profiles were based on the values of Monin-Obukov lengths 
determined for each profile from given tables. 
The results obtained indicate the soundness of the methodology 
for levels of practical importance to wind energy applications. 
Finally the Monin-Obukov length determined atmospheric stability 




1 .1 Background 
The main purpose of this thesis is seen as a contribution to 
wind energy studies. The choice of a suitable site for optimum power 
production depends to a great extent on the theoretical power available 
in the wind. The only nationwide available data is National Weather 
Service data where wind speed is recorded at one anemometer height. 
The problem of projecting wind speed with height is very import-
ant for preliminary analysis of site power outputs and economics stud-
ies. Also the atmospheric boundary layer analysis involved in this 
problem will contribute to Agro-meteorological studies and Geophysical 
studies, since dynamic interaction of the atmosphere and the substrate, 
the feeding of energy into the atmosphere by moisture and heat is real-
ized through the ground layer. Also the analysis of the Monin-Obukov 
length involved in the atmospheric boundary layer similarity theory 
and relating it to Pasqui11-Gifford stability classes would contribute 
to giving a quantitative description of atmospheric stability that 
would reflect on air pollution and diffusion studies. 
A first approach to the problem can be made by using empirical 
laws to describe the profile, given one wind speed measurement at one 
level. A power law is then assumed, with an exponent that is a function 
of terrain roughness (Davenport 19&5) or wind speed at reference height 
2 
(Reed 197*0 or atmospheric stability (Smith I968). The power law has 
been used in predicting diffusion characteristics (Calder 19^9) or 
wind tunnel modeling of wind forces (Davenport 1965)- Also the 
logarithmic law has been used (Simiu 1973) where the profile could be 
expressed in terms of one speed measurement at a fixed height and ter-
rain roughness length. 
Different studies have been made on the effects of terrain rough-
ness on the profiles, Calder (19^9), Chamberlain (I966), and Ciono 
(1965). 
Some efforts were made to replace the terrain roughness length by 
an aerodynamic roughness length to get a better fit for the profile. 
The second approach to the problem is statistical; Justus and 
Mikhail (1976) suggested a methodology for the height projection of 
Weibull velocity probability distribution parameters. Reed (1975) pro-
posed a power law profile with an exponent that is a function of wind 
speed at a reference height. Justus and Mikhail related the exponent 
to projected Weibull wind speed probability distribution parameters. 
A more rigorous approach treats the problem as a turbulent flow 
near a heated or cooled horizontal rough surface, which is a notoriously 
difficult problem. 
The first step for the analysis of the problem is estimating the 
roughness length of the surrounding terrain. Panofsky and Peterson 
(1972) analyzed the Riso tower data and Peterson (1975) added some 
modifications to the methods suggested before by Peterson and Panofsky. 
The Kennedy tower data were analyzed by Fichtl (1970). 
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The most outstanding contribution to the problem was made by 
Monin and Obukov (195^0 where the similarity parameter for stratified 
boundary layers was introduced by combining buoyancy, turbulent shear 
stress and heat flux. The non-dimensional wind speed and temperature 
gradients ($,, 4>-) were expressed in terms of the similarity parameter 
(Z/L), where Z is the height from the ground (more accurately from 
roughness level) and L is known as the Monin-Obukov length. 
The functional dependence of <|>. and <J> on the similarity parameter 
(Z/L) was not suggested by Monin and Obukov, whereas an attempt was made 
to expand the function around the neutral stratification point for very 
small values of the similarity parameter (i.e. slightly stratified). 
Ellison (1957) suggested a form for this function by interpolating 
between free and forced convection. The same relation was later 
obtained independently by Yamamato (1959) and Panofsky (1961). This 
relationship was called the KEYPS function and it was supposed to pre-
dict the profiles both for stable and unstable conditions. Unfortunately 
the agreement is good for unstable profiles only. 
Panofsky (1961) arrived at the same relationship using an alter-
native derivation which explains the reason why the KEYPS function is 
restricted to unstable conditions. 
Bussinger (1966) and Dyer (unpublished) have independently suggested 
a profile representation for unstable conditions which assumes an empiri-
cal relationship between Richardson number (Rl) and similarity parameter 
(Z/L). It also assumes an increasing Prandtl number with decreasing 
stabi1ity. 
k 
Paulson (1970) successfully integrated the non-dimensional velocity 
and temperature gradients for the KEYPS function and for the Bussinger-
Dyer representation. Swinbank's (196*0 observations were used to com-
pare the two approaches. 
For the slightly stable case the Taylor expansion around the 
neutral stratification (Z/L * 0) can be used since (Z/L) is small. The 
expansion coefficients were estimated by Bussinger et̂  a_l_. (1971) and by 
Webb (1970) who extended the analysis to extremely stable stratification 
based on pure empirical observation. 
A critical Richardson number was estimated both by Bussinger et al. 
and Webb. 
Swinbank (196*0 suggested the exponential profile which is expected 
to be applicable for all heights and stratifications by introducing a 
transformation that would express both energy supplies from buoyancy 
and shear in one pseudo shearing stress term. 
Some work has also been done in higher closure modeling by Wyngaard 
et_ a_j_. (197*0 for the steady state structure of neutral and convect i ve 
cases, for baroclinic cases by Arya and Wyngaard (1975)> and also for 
the evolution of the convective planetary boundary layer (Wyngaard and 
Cote1, 1974). But this work is beyond the scope of interest of this 
thesis since we are only interested in heights that are approximately 
within the surface layer (<_ 100 m.). 
Hanna (19&9) compared five different approaches for the estima-
tion of the total thickness of the planetary boundary layer. 
Golder (1972) related the PasquM1-Gifford stability classes to 
Monin-Obukov length based stability classes, for different roughness 
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lengths by analyzing different tower data. 
In estimating the total insolation by the time of day and year, 
latitude and longitude and relating it to net incident radiation 
through given estimates of cloud cover and turbidity and possibly 
other factors, extensive research is currently being done. The most 
outstanding being the NOAA solar radiation model in which data from 
52 stations are utilized. Also Kimura and Stephenson (1969) have 
derived a relationship between theoretical insolation and net solar 
intensity based on a cloud cover factor for Ottawa, Ontario. 
Another empirical relation has been published in a Boeing Company 
report (1964). It also relates insolation to net radiation by a factor 
that depends on the type and amount of cloud cover. 
This thesis endeavors to utilize and extend the present knowledge 
about the surface layer to propose a methodology for projection of wind 
speed with height using the minimum possible parameters. Data from two 
meteorological towers will be used. 
The first section in Chapter II gives a dimensional argument that 
primarily shows that the surface layer is in the region of interest of 
the wind energy applications. It also describes the Monin-Obukov simi-
larity principle and gives a summary of different profile representations 
obtained using the Monin-Obukov similarity principle. 
Section 2.2 discusses the basic quantities affecting the similar-
ity layer. The parameters describing these quantities are suggested to 
be the 10 m. level wind speed, net radiation, and roughness length. 
This in turn implies that the Monin-Obukov length L is a function of 
the above three quantities. The dependence of (1/L) on wind speed and 
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net radiation is extracted from the data. The dependence of 
(l./L) on roughness length is derived in section 2.3. 
If the net radiation measurements are not available, then dif-
ferent methods for net radiation estimation are given in section l.k. 
Roughness length estimation based on topography and surface cover is 
given in section 2.5. In Chapter III the roughness lengths around the 
two towers are calculated and the universal values of Monin-Obukov 
length are given as a function of wind speed at 10 m., net radiation, 
and roughness length. Also a methodology for projection of wind 
speed with height is suggested and checked. Also the Monin-Obukov 
Length based atmospheric stability is related to Pasqui11-Gifford 
Stability and used as a part of the methodology (for cases when meas-
ured net solar radiation is not available). 
1.2 Research Goals 
(1) Isolation of neutral profiles and accurate estimation of 
roughness lengths as a function of direction for the two sets of tower 
data used. 
(2) Most of the data used for verifying the above mentioned 
approaches for modeling the surface layer extend only up to 16 m. at 
most, which is below the level needed for wind energy applications. Hence 
the height up to which the laws of the similarity layer apply within a 
certain permissible error need to be estimated using Kennedy and Argonne 
data. 
(3) Comparing Bussinger-Dyer and KEYPS function for best fit 
of the unstable profile and optimizing the arbitrary constants in the 
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two formulae. Also comparing the Webb and Bussinger profile represen-
tation in the stable stratification and optimizing the first order 
coefficient in the Taylor expansion of (J>, and <J> . 
(k) Using the tower data to estimate the critical Richardson 
number. 
(5) Using the given net radiation, wind speed at ten m. level 
and estimated roughness length to establish the dependence of the 
Monin-Obukov universal length on the above mentioned parameters. 
(6) Since we have a very limited variation of the estimated 
roughness length for the two towers, the theoretical functions depend-
ence of L on roughness length has to be established. 
(7) In case net radiation measurements are not available, a 
relationship between the theoretical insolation based on time of day, 
longitude, latitude and time of year, and net insolation needs to be 
suggested. The factor of proportionality is expected to be a function 
of many factors such as cloud cover, turbidity and moisture content. 
Hence the outline of the methodology suggested for wind speed 
p rojec t i on with he i g h t is: 
(i) Estimate the roughness of the proposed site based on the 
type of terrain and surface cover (Plate, 1971). 
(ii) Use net radiation and wind speed at ten m. level to eval-
uate L from tables given at a wide range of roughness lengths. 
If net radiation measurements are not available then the theo-
retical insolation can be estimated from given formulae and modified 
according to cloud cover, and turbidity to estimate the net radiation. 
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If the anemometer height for the wind speed measurement is slightly dif-
ferent from the ten m. level then the statistical model developed by 
Justus and Mikhail could be used to adapt the wind speed to ten m. 
1 eve 1. 
(iii) Apply the suitable profile representation according to the 
stability region determined by the value of L. 
(8) Relate the Pasqui11-Gifford stability classes to the corre-
sponding Monin-Obukov length interval which gives a quantitative 
description of the stability of the atmosphere. 
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CHAPTER I I 
PROCEDURE 
2.1 Profile Representation 
2.1-1 Dimensional Argument 
The boundary layers of meteorology differ from those in aero-
dynamics in that high Reynold's numbers prevail, which implies greater 
thickness and larger extent for the surface layer. If we consider an 
average geostrophic wind speed of three m/s and use Hanna's (1969) 
formula for the estimation of the total thickness of the planetary 
boundary layer 
U 
S(U /f) = .006 -jP- ~ 1 Km. 
.006 U2 7 
R (6) = — r a * 107 
e f-v 
The actual thickness of the surface layer is a function of Reynold's 
number, stability and roughness length. Kennedy and Argonne data will 
be used to estimate the thickness of the inertial sublayer or rather 
the thickness of the layer where similarity laws apply within a per-
missible error. This layer will be referred to as the similarity layer. 
The variation of the thickness of the similarity layer with stability 
will be investigated from an analysis of the tower data. 
Different estimates have been given for the total thickness of the 
depth at the inertial sublayer, Panofsky (196*0 suggested that it 
10 
varies between 20 - 200 m. based on a dimensional argument. Hanna 
(1969) used different methods for estimates of the thickness of the 
planetary boundary layer which was then related to the thickness of 
the inertial sublayer. The average thickness of the planetary bound-
ary layer for all the methods used was 1000 m. Using the most conser-
vative method for neutral condition estimates, the boundary layer 
thickness is given as 
6(u*) = .2 u^/f 
for Kennedy 
6 = 2.9 x 103u* 
for Argonne 
5 = 2.1 x 103u* 
For Argonne tower data uA in neutral conditions could be estimated as 
3 
0.5m/s,(see Figure 23) which still gives 6 in the neighborhood of 10 m. 
Tennekes and Lumley (1972) also gives an estimate of 6 to be 
around 1000 m. Plate (1971) expects that a larger portion than the 
lowest 15% of the atmospheric boundary layer is possibly inertial. 
Tennekes and Lumley (1972) define a surface to be rough if 
R = > 5- If u;If is given the conservative estimate of 0.1 m/s, 
o v 
Z to be 0.001, then R7 >> 5, which implies that the dominant length 
o 
scale in the viscous sublayer is ZQ instead of (v/iO . 
The edge of the viscous sublayer is estimated to be for values of 
(Z/Z ) < 5- Hence all values of Z < 5ZQ don't belong to the inertial 
sublayer. 
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2.1-2 Similarity Solution 
It is customary to treat the atmospheric boundary layer as if 
the properties near the surface are independent of the state of the 
flow at great heights. The turbulent shear stress and heat flux are 
considered to be independent of height. A steady state is assumed which 
may not be always the case. The fluid is considered incompressible, 
moreover the fractional changes in density are sufficiently small that 
their effect on the inertia of the fluid is negligible, so they need to 
be taken into account only in the vertical (gravitational field) direc-
tion. 
Two different methods were used to estimate the roughness of the 
terrain surrounding the towers. In the first method the Richardson num-
ber and static temperature slope were calculated and all profiles with 
very small Richardson number (|Rl| < .03) and with static temperature 
profile that is close to the adiabatic lapse rate were isolated and 
least square fit with a logarithmic profile. In the second method all 
the profiles are fit with a logarithmic profile and roughness lengths 
are calculated and averaged for different speed classes and then extrapo-
lated to infinite velocity where very high mixing should ensure neutral 
condi tions. 
If the deviation of density from the reference state locally may 
be denoted by p•, pressure p', and temperature T1 so that 
p = pD + p' = p + Ap + p' K m 
p = pR + p' = pm + Ap + p' (1) 
T = Tn + T = T + AT + T' R m 
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where the subscript m denotes mean values for the whole layer except for 
temperature where it denotes the mean value of temperature locally in 
the layer, TD is temperature condition for constant potential tempera-
ture. Hence the Navier-Stokes equations and energy equation reduce to 
£-(V) = 1 I Vp' - S. p. k + V[V
2V + I V(V?)] + Fr (2) Dt p p — 3 c 
pcv "5T (T) = ~pV'^ + KV2T' + pcf) + pc R (3) 
where <J> is energy dissipation, R is energy radiation, F is Coriolis 
force. 
If we neglect the changes in density due to pressure changes we 
can combine the first two terms on the right hand side of (2) in the 
qT' 
form ¥=— k_. Also Coriolis force can be neglected since we are inter-
m 
ested in smaller length scales. Due to the high turbulent intensity in 
the atmospheric boundary layer all molecular transfer of heat and momen-
tum can be neglected compared to turbulent transfer of heat and momen-
tum. Hence the equations reduce to 
Du _ 1 dp 
DT p 9x 
2Y_ = - I 3Pl (M 
Dt p ay V ; 
Dw = _ 1 aj^_ + g_ T, 
Dt p 3z T 
a u + a v + a w ( ) 
ax ay az
 vpy 
£ • - 0 (6) 
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The above equations contain one dimensional constant (j—)T' and 
m 
if the Reynold's decomposition is performed on them the boundary condi-
t ions will be 
H 
w'T' = — — = constant 
M P 
-pu'w'= T = -u.,. = constant 
The above three quantities can form two non-dimensional param-
eters (Z/L) and(T/T.J where 
L = - u3/( ka. H j (?) 
I pt 
T* = -0/kuJ(H/pCp) (8) 
Since L contains all the quantities that affect the turbulent 
energy transfer to the surface layer, namely buoyancy, turbulent momen-
tum and heat transfer, the non-dimensional velocity and temperature 
c , kZ 9U ^ Z 36 ... A • + 
gradient functions, <J>. = —-r=i~ , <J>0 = -zr--%T could be expressed in terms 
I Uj_ aL Z I j, oL 
of the similarity parameter (Z/L). 
The quantity (-Z/L) can be written as the ratio of the production 
3 
rate of convective energy gH/C pT, and u^/kZ. Since the latter measures 
the rate of mechanical energy production in neutral air, we can say that 
-Z/L expresses the ratio of convective to mechanical energy production 
in near neutral air. In this, it therefore plays the same role as the 
2 
Richardson number Rl = (g/T)(86/8Z)/(8U/8Z) , which is the ratio of 
buoyancy to inertia forces, which indeed becomes equal to Z/L when Z/L 
is small, that is, when the buoyancy effect is small. The advantage of 
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Z/L over Rl is that the vertical variation of the former is known. Also 
various assumptions concerning the turbulent Prandtl number, which is 
the ratio between turbulent momentum and heat transfer coefficients, 
i.e. Pr = Ku/K , will be stated. H m 
A. Unstable Stratification. A general form of <J>. and <J>« was 
suggested by Ellison (1957) where he interpolated between free convection 
(Ri « 0, K -»• y,ZRr ) and forced convection (Rl >> 0, K -»• 0) and m '* f m 
u,,Z 
neutral stratification (Rl -> 0, K -> — - . — ) . After some manipulations 
m k 
and relating K to <j> we get 
m 
* - y$*] = i (9) 
The above relation does not work for stable stratification (Panofsky 
I960) because in an alternative derivation Panofsky showed that Ellison's 
interpolation formula implies assuming a turbulence length scale that is 
proportional to Z which is not the case for stable stratification when 
smaller size eddies prevail. 
Another representation for the profile is from Bussinger (1966) 
and Dyer (unpublished), who have independently suggested that the rela-
tion between gradient Richardson number and similarity parameter obeys 
the empirical law, Rl = Z/L, which was based on Kerang's observation 
(Swinbank, 1964) and consequently Prandtl number is equal to the inverse 
of the non-dimensional velocity gradient. 
Later on Paulson (1970) integrated the non-dimensional gradient 
in the following forms 
15 
u = -£ [ l n ( Z / Z Q ) - ^ ] (10) 
T - T Q = T * [ l n ( Z / Z o ) - i>2] (11) 
o 
€ 1 - • , ( ? ' ) 
* 2 = / =f d6 ' (13) 
O 
( i ) KEYPS Funct ion 
<j>. i s r e l a t e d t o the s i m i l a r i t y parameter through (9) and 
* 1 = W , - 3 In ^ + 2 l n [ r
L~] + 2tan ]<$>] - j+ l n f - j - 4 ( H ) 
I- *' 1/4 (15) 
L ( l - Y - R l ) ' 
Pr = 1 (16) 
If one knows Rl, the corresponding 1/L could be calculated from 
(15). With L determined, by this or other means, (1/L) is substituted in 
(9) which in turn is numerically solved for <j>., which is substituted in 
{\h) for \\>.. The profile can then be predicted using (10). 
(i i) Buss inger-Dyer 
Pr = 1/^ (17) 
Rl = Z/L (18) 
Yz.-iA 
1 = (1 - f-) (19) 
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YZ ~ 1 / 2 
<J>2 = (1 - ^ ) (20) 
2 
^ = 2 l n [ ( - ^ ) ] + l n [ J ^ - ] - 2 t an " 1 x + TT/2 (21) 
*2 = 2 ln[ iT-] ( 2 2 ) 
•Y2 l A 
x = (1 - I £ ) (23) 
B. Near Neutra l Cond i t i ons . In t h i s reg ion the l o g a r i t h m i c 
u,v 
law; u = -r— [ l n ( Z / Z ) ] , a p p l i e s and the va lue o f t he s i m i l a r i t y parameter 
k o 
(Z/L) approaches ze ro . 
C. Stable S t r a t i f i c a t i o n . The non-dimensional v e l o c i t y and 
temperature g rad ien ts are expanded around neu t ra l c o n d i t i o n s (Z/L = 0 ) , 
which r e s u l t s , a f t e r i n t e g r a t i o n , in the l o g - l i n e a r p r o f i l e . 
Bussinger e t a l • (1971) suggested A.7 f o r the va lue o f the f i r s t 
power c o e f f i c i e n t in the expansion which imp l ies a c r i t i c a l Richardson 
number o f 0.21 
• ] = 1 + J».7(Z/L) (2*0 
<f>2 = O.Jh + *».7(Z/L) (25) 
R , = ( z / U ( - 7 * + * . 7 ( Z / L ) ) ( 2 6 ) 
(1 + ^ . 7 ( Z / L ) Z ) 
if/, = 4 .7 (Z /L ) = if>2 (27) 
Pr = 1 . (28) 
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Webb (1970) suggested the value of k.S for the first power coefficient 
in the expansion for lapse conditions and a value of 5-2 for inversion 
conditions which results in a critical Richardson number of 0.20. Also 
taking Pr = 1 he arrived at the relationship between Rl and (Z/L) 
R| = (£)(1 + a Z . ) ' (29) 
D. Strongly Stable Stratification. In the limit as L •> 0 and 
(Z/L) tends to infinity, Richardson number tends to (1/a) which is the 
critical value for the Richardson number after which turbulence ceases 
to be self sustaining. For very high values of the Richardson number 
every layer in the boundary layer will act independently and all forms 
of energy transport will cease. 
Hence the value of a determines the critical Richardson number 
which was evaluated by Bussinger et al. and Webb to be around 0.2. 
Some other investigators like Proudman (1953) and Sir Geoffry 
Taylor noticed that turbulence can be maintained at large values of 
Richardson number, they even found appreciable turbulent transport of 
momentum associated with Richardson numbers up to ten. 
Webb (1970) noticed that for highly stable profiles a transition 
from log-linear profiles to simple logarithmic profiles occur and sug-
gested the following form, which is mainly based on empirical observa-
tion. 
Rl = (Z/L)/(l+a) (30) 
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Pr = 1 (3D 
^ = <j>2 = l+o (32) 
2.2 Analysis of the Monin-Obukov Length 
There are three quantities that are sufficient to describe the 
turbulent atmospheric boundary layer according to similarity theory. 
1) Buoyancy - Directly related to temperature gradients and the 
heating of the surface layer. 
2) Shear Stress - Assumed constant with height and it is the 
turbulent transfer of momentum (neglecting molecular viscosity). In 
mixing length theory and in the inertial sublayer it is directly related 
to the velocity gradient. 
3) Heat Flux - Assumed to be constant with height and it is the 
turbulent transfer of heat (neglecting molecular heat exchange). In the 
mixing length theory and in the inertial sublayer it can be related to 
temperature gradient. 
The above three quantities could fairly well be expressed by the 
following three parameters. 
1) Wind Speed at a fixed level (e.g. anemometer measured wind). 
2) Net radiation (either measured by pyranometer or estimated by 
cloud cover, location, time of day, and time of year). 
3) Roughness length (based on type of terrain and ground cover). 
For every hourly profile given in the Kennedy and Argonne data 
the corresponding net radiation and wind speed class (wind speed measured 
at ten m. level) will be recorded and the dependence of the Monin-Obukov 
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length on net radiation and wind speed at ten m. level will be given in 
tabular form or in regression form; this analysis will apply only locally 
since L also depends on the roughness of the surrounding terrain which 
is a local feature. Hence the functional dependence of L on roughness 
length should be established. 
2.3 Variation of Monin-Obukov Length 
with Roughness Length 
u3 c PT 
L = - ̂ - P 
H kg 
Assuming that the only two quantities that will vary considerably 
with roughness length Z Q are u* and H, then 
llk_ = l_!!jl . ill. (33) 
L 9Z u, 3Zn H 3Zn 
from equation (8) 
1 3L 2 * 1 
3uu . 3T, 1 * 
L 9ZQ u>v az0" T,C 3Z0 (3*0 
But from (10) 
10 . JO, 
o 
u i o - T r [ , n r - * i ( T r ) ] (35) 
Differentiating partially w.r.t. Z 
o 
1 8 U * U * r l 10 3L . . , 1 0 , 
u, 3Z u l n k
 lZ " . 2 3Z ' V L i J 




T i n = T „ + "UlnOo/Z " * 9 ] (37) 
I U O o t-
D i f f e r e n t i a t i n g (37) w i t h ZO 
T7 SZ" " T ^ T " [ z " ' ^2 ( - } b - } az" ] ( 3 8 ) 
*» o 10 o o L o 
Hence from (34 ) , ( 36 ) , (38) 
1 8L _ 2 u * f l 10 9L , / 1 0 M ,
 T * r 1 _,_ 10 3L , , 1 0 n ,-Qx 
ra^-irrx [r~- Tar*i (x-} ] + r ^ H " r"+:7 3z"*2 ( T ) ] (39) 
o l O o L o l O o o L o 
1 8L n 10 , / I O X T - 1 / 2 20 8L , , , 1 0 u ^ 
L S T " [ , n I " " *1 (T ) ] (Z--72 3Z- *1 ( T » + 
o L 
( I n - - ^ ( _ ) ) ( - — + _ ^ ^ 2 ( ~ ) ) (40) 





(£.)(,„ i° + * ,( i°) -2* 2 ( i ° ) } 
/i 1 0 i / l ° \ w i 1 0 i / 1 0 \ \ x 1 0 h i 10, • /1 Ox o ' / l O x . /10x , ' / 1 0 N ! 10 ',,,10% ylOxx 
( I n ^ — ^ 1 ( - ~ - ) ) ( l n r - - ^ 2 ( T - ) ) + T - ( 2 l n r H f 1 ( T - ) - 2 i | ; ( ^ ^ ( - j - ) " ^ 2 V
} l n 7 ^ 2 ( I r H H ^ 
o u o o o 
(41) 
a) Unstable Conditions 
i) Bussinger-Dyer 
From (21), (22), (23) 
1 ^ . < » + ^ ' j ^ o - i * , -
3 ' 4 <*> 
1+x 1+x 1+x L 
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! £ 4 2 ) . ( J ! ^ , (*o.)(1 . leo) -
3 7 " m 
1+x L 
Substituting (21), (22), (42), (43) in (4l) we obtain | ~ for 
o 
Bussinger Dyer formula. 
ii) KEYPS Function 
^ = ̂ 2 = ^ 
1 *2 
Substituting in (4l) 
_L_ 
d l = ^o 







<t> - 1 -.003 < 1/L < -« 
l k _ -'Q-v(j'2)(»''-3) 
3* (+* . ,)2 
M = , - i + _2_ + _L_ + J±- (i,6) 








Substituting in (kh) we obtain -r-=— for KEYPS Function in terms of 
o 
b) Near Neutral Conditions 
1 ' 
*1 " ^2 = *1 = ^2 = 
Substituting in (41) 
8L L 
o Z In (—) 
O L 
O 
Integrating between Zl and Z2 we obtain 
L2 In 10 - In Zl 
LI In 10 - In Z2 
c) Slightly Stable Conditions 
-10( 
*1 = h = -2" 
i ' _ 10a 
^1 = ^2 2~ 
Substituting in (41) we obtain 
aL L / Z o 




which could be rearranged and integrated from Zl to Z2 to get 
l_2 In H - 1 0 a in L 2+235(^- ) = L] In ~ - 10a In L ] + 235(-^) = A(L 1 ,Z ] ) 
(51) 
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where Zl is initial roughness length, L. is the corresponding Monin-Obukov 
length, 12 is the required roughness length, and L_ is the corresponding 
Monin-Obukov length. 
(51) is actually the functional dependence of L on Z Q in a closed 
form for all log linear profiles, since the value of a can always be 
adjusted. 
D. Strongly Stable Conditions 
} = <>2 = 1 + a , ^ = <J>2 = 0 
Hence from (36) and (38) 
1 *"* - ] i n f 1 0 ^ (K?\ 
U T a T - r M ^ } (52) 
* o o o 
1 £- f ln<£> (53) 
Substituting in (34) and integrating from Zl to Z2 we obtain 
L2 In 10 - In Zl , . . 
L] In 10 - In Z2 ^
 ; 
Figure 1 shows the variation of L with respect to Z given an initial 
value of L at ZQ = .05 m., keeping the net radiation and ten m. level 
wind speed constant. As expected the value of |l_| increases with Z 
because as Z increases more mixing occurs in the boundary layer which 
shifts the profile towards neutral stability, i.e. towards higher |L| 
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Figure 1. 1/L versus Z for Different Stability Regions -t-
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is faster for unstable conditions due to the favorable mixing conditions 
that already exist for unstable stratification. 
2.4 Net Solar Radiation 
Since the atmospheric boundary layer is directly influenced by 
the net solar radiation penetrating the atmosphere the dependence of the 
Monin-Obukov length on radiation will be investigated for net radiation. 
Most National Weather Service Sites do not have instruments for measuring 
net radiation so far, sites have only a wind speed anemometer at one 
level. It becomes important to predict the total incident solar radia-
tion based on position of the site (latitude), time of day and time of 
year. This "theoret ical" solar intensity then has to be related to the 
net solar intensity through factors that are functions of cloud cover, 
cloud type, turbidity of the atmosphere and other factors. 
The theoretical clear sky radiation could be directly estimated 
from tables in the ASHRAE Handbook of Fundamentals given for each lati-
tude, or use different available theoretical models which will be 
referred to later. 
For net radiation estimation Kimura (1969) related the clear sky 
radiation (I ) to net radiation (lTur) through a cloud cover factor TH IHL 
(CCF) where 
'THC - 'TH ' CCF 
I H includes both direct and diffuse solar radiation, CCF is given for 
Ottawa in Table 1. 
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Table 1. Kimura Cloud Cover Factor 
Month sin 3 P a R 
March 0.5 + 0.9 1.06 0.012 -0.0084 
June 0.5 •* 1-0 O.96 0.033 -0.0106 
Sept. 0.5 + 0.9 0.95 0.030 -0.0108 
Dec. 0.3 + 0.5 1.14 0.003 -0.0082 
where CCF = P + Q.CC + R(CC)2 
CC is the amount of cloud on a scale from 0 to 10. 
Also derived from a Boeing Company Report (1964) are the following 
six equations for estimation of net radiation, 
CCM = 0.598+ .0026-TC+0.0021-(TC)2 -.0035(TC)3, CT= 0, SALT <_ 45° (55) 
CCM = .908- .0321VTC+ .0102- (TC)2- .001l4(TC)3, CT=0, SALT > 45° (56) 
CCM = .8^9- .01277*TC+ .0036* (TC)2- .00059(TC)3, CT=1, SALT ̂  45° (57) 
CCM = 1.010- .0139VTC+ .00553* (TC)2-.00068(TC)3, CT = 1, SALT> 45° (58) 
CCM = 0.724- .00652-TC+ .00191* (TC)2- .000^7(TC)3, CT^O, or 1, 
SALT <_ 45° (59) 
CCM = .959- .02304-TC + .00787* (TC)2 - .00091 * (TC)3, CT^O, or 1, 
SALT > 45° (60) 
where CCM is the cloud cover modifier, and CT = 0 for stratus type cloud 
or equal to 1 for circostratus, TC = total amount of clouds at time t on 
a scale from 0 to 10, and lTur = l.r *CCM. 
I H L I H 
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The latest and most extensive research on net radiation estimation 
is the NOAA Solar Radiation Model which involves the prediction of clear 
sky radiation as a function of zenith angle of the sun and a correction 
factor for cloudiness, turbidity and less than the maximum duration of 
sunshine (See Appendix A ) . 
2.5 Surface Roughness Estimation 
An important part of the methodology will be an estimation of 
surface roughness length from topography and surface cover. An exten-
sive amount of research has been conducted for this particular problem. 
Davenport (19&5) Qave the following estimates of roughness lengths for 
different types of terrains: 
Table 2. Surface Roughness of Different Types of Terrain 
Terrain type Roughness length m. 
Open sea .0002 -+ .004 
Flat open country .02 -* .06 
Woodland, forest .2 + 1 . 0 
Urban area 1.0+ 6.0 
Also Paeschke (1937) gave the following estimates after 
extensive analysis on natural crops: 
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Table 3. Roughness Lengths Associated with Different Crops 
Crop ZO m. 
Plane snow covered .0049 
Grassy surface .0173 
Flat country .0214 
Low grass .032 
High grass .0394 
Wheat .045 
Beets .064 
Wind tunnel tests were conducted by Plate and Quraishi (19&5) anc' 
resulted in the following empirical formula for estimation of roughness 
lengths associated with different crops, 
Z o = 0.15 h , (61) 
o c 
where h is crop height. 
The only crop listed by Paeshke which does not obey the experimental 
relation (61) is wheat which could be attributed to denseness of the 
crop. 
2.6 Numerical Details 
2.6.1 Data Description 
a. The Kennedy Tower Data. The complete tower facility comprises 
two towers, one 18 m. and the other 150 m. high. The different levels 
on both towers are instrumented with wind and temperature sensors at 
levels 3, 18 m. for the small tower and 18, 30, 60, 90, 120, 150 m. for 
the large tower. Also wind speed, direction and net radiation are 
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recorded over a period of five years. 
All the data profiles were supposed to be taken as a ten minute 
average centered around the hour point to filter out instantaneous dis-
turbances and gusts. 
The terrain surrounding the tower is homogeneous and covered with 
vegetation one to two m. high from (0 - 90°) clockwise. Another homo-
geneous zone with the same type of vegetation occurs in the 135~160° 
quadrant. The areas (230 - 300°), (90 - 135°), (160 - 180°) are covered 
with trees from 10 -> 15 m tall. In the (180 - 230°) quadrant there is 
a body of water 225 m. from the tower. 
The fact that two readings from the two towers are recorded at 
the same level will help to estimate the measurement error which will 
also relate to the accuracy of the model. 
b. The Argonne Tower Data. The Argonne tower is 50 m. high, 
velocities are measured at levels 2.86, 5-72, 11.^3, 28.6, ^5-72 m. 
the temperature sensors are at five levels 1.68, 4.63, 10.36, 21.95, 
43.89 m. 
The terrain around Argonne tower is homogeneous and covered with 
sparse trees at 750 m. from the tower in the range {kO - 120°), from 
120 - 230° it is clear land, from 320 - 360° there are dense trees at 
550 m. from the tower. 
2.6.2 Numerical Methods 
i) Isolation of Neutral Profiles and Calculation of roughness 
lengths. 
a. The hourly data that had more than two missing pieces of wind or 
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temperature information up to 60 m. or more than three missing values up 
to 150 m. were eliminated. 
The given directions of the hourly profiles had to lie within the 
direction intervals prefixed according to the topography and vegetation 
of the surrounding terrain. 
The temperature difference between two levels of measurements did 
not exceed 0.5°C otherwise the profile was considered anomalous. 
A least square fit of the hourly temperature data with height was 
carried out, and the slope of the resulting best fit line was checked 
with dry adiabatic lapse rate (.0098°/m.) with tolerance of 0.003. The 
Richardson number was based on differencing velocity and temperature 
for the 3 and the 18 m. levels for the mean geometric height of 7-35 
R, - 2J06 (T(3) -
7l]l+O.OOSa)(»\l\-"\\\)
2 (62) 
j H(3) - H(l) v ( 3 ) - V(l) 
For Argonne the levels differenced were 2.86 and 45-72 m. for the 
geometric mean height of 9-9 m. If the magnitude of the Richardson num-
ber was less than 0.003 and the static temperature profile was within 
the neutral range, a least square fit with height was carried out to 
evaluate roughness lengths for different direction intervals. 
The roughness lengths for each sector were averaged and the root 
mean square error was recorded. 
b) The second method employed was suggested by Panofsky (private communi • 
cation 1977). The roughness is evaluated for each direction and velocity 
class by least square fitting of the wind speed with logarithmic height. 
The velocity class is evaluated from wind speed at approximately 10 m. 
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level, then the roughness length is extrapolated to infinite velocity 
where mixing ensures neutral conditions. 
ii) Roughness Length Check and Estimation of the Depth of the 
Similarity Layer. The stability range is divided into four main regions 
Unstable Rl <_ -.03 
Neutral -.03 < Rl ± .025 
Stable .025 < R\ <_ .30 
Strongly Stable .30 < Rl <_ 1.0 
The corresponding values of (1/L) are 
Unstable (l/L) <_ -.003 
Neutral -.003 < (1/L) <_ .0025 
Stable .0025 < (l/L) £ .162 
Strongly Stable .162 < (1/L) £ .303 
The appropriate formula and roughness length for each sector and 
stability category were used to check the roughness length computed by 
each technique. The comparison was made by comparing the root mean square 
error between the predicted and given profile for each hour averaged 
over height. 
The criterion for estimation of the depth of the similarity layer, 
which is the layer where similarity theory is successful in predicting 
the profile within a certain permissible error, is that the root mean 
square error is less than or equal to 1.2 m/s, since the root mean 
square error between the 18 m. level at the two towers in Kennedy Space 
Center averaged over five years turned out to be 0.65 m. with a maximum 
of 1.2 m/s and a minimum of 0.32 m/s. 
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If the average wind speed at 100 m. level is assumed to be 8 m/s, 
then the maximum permissible error is about 15%. The effect of a 15% 
error in wind speed prediction on the theoretical and extractable wind 
power is investigated in Appendix B. 
Since the similarity layer is the layer where similarity laws apply 
within measurement errors, and the similarity theory applies only to the 
surface layer, then the depth of the similarity layer should be a good 
indication of the depth of the surface layer. 
ii?) The Monin-Obukov Length Evaluation. The evaluation of the 
Monin-Obukov length from Richardson number is direct from (15) or (18), 
(26), (29) for each hourly profile, then (l/L) was averaged for each 
direction interval, velocity class and net radiation class, also errors 
of the mean were calculated for each mean value. The root mean square 
error between predicted and given profile was calculated for each indi-
vidual hourly profile. If the root mean square error in the unstable, 
neutral and stable regions exceeded 0.5 m/s or 0.9 m/s for the strong 
stability region where the theory is not expected to apply very well, 
the Monin-Obukov length calculated was considered as a first approxima-
tion and trial and error techniques were used for calculating the best 
fit Monin-Obukov length value. 
iv) Solution of Equation (^1). The Runge-Kutta technique was used. 
v) Solution of Equation (9). Iterative techniques were used for 
solving the equation. The following table gives solution of equation 
(9) in tabular form to be referred to in case the methodology is used 
where no electronic computers are available. 
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Table 4 . So lu t i on of KEYPS Equation 















CHAPTER I I I 
DISCUSSION 
3.1 Roughness Length Calculation and Estimation of 
Similarity Layer Thickness 
3.1-1 Argonne Tower Data 
According to the topography and surface cover around the tower the 
following direction intervals were chosen for Argonne. 
1. 0-40° 2. 40 - 80° 3. 80 - 120° 
4. 120-160° 5. 160 -190° 6. 190 - 230° 
7. 230- 270° 8. 270 - 320° 9. 320 - 380° 
a) Results for Roughness Lengths Based on Richardson Number 
Isolation Method. 
Table 5. Argonne Roughness Lengths Obtained by a Five Level 
Least Square Fit, |Rl| < .03 










.018 - .013 
.038 - .03 
.057 - .041 
.141 - .103 
.036 - .026 
.032 - .025 
.056 - .046 
.046 - .039 
.014 - .010 
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Table 6. Argonne Roughness Lengths Obtained by a Four Level 
Least Square Fit, |Rl| < .03 
Direction Interval Roughness Length (m) Variation in m, 
1 .017 .019 ~ .015 
2 .020 .022 - .018 
3 .027 .032 - .023 
A .065 .075 - .056 
5 .021 .023 - .018 
6 .021 .023 - .019 
7 .0^5 .0^9 - .0^2 
8 .02 A .026 - .022 
9 .009 .011 - .008 
b) Results for Roughness Lengths Calculated by Extrapolation 
to Neutral Conditions. The ten m. level velocity intervals are: 1, 2.5, 
3.5, A.5, 5.5, 6.5, 7.5, 8.5 m/s. 
Table 7. Argonne Roughness Lengths Obtained by a Five Level 
Least Square Fit, Using Extrapolation Technique 
Direction Interval 1 2 3 k 5 6 7 8 9 
Roughness Length, m. .008 .007 .007 .018 .012 .008 .019 .010 .002 
Table 8. Argonne Roughness Lengths Obtained by a Four Level 
Least Square Fit, Using Extrapolation Technique 
Direction Interval 1 2 3 ^ 5 6 7 8 
Roughness Length, m. .005 .012 .01^ .025 .016 .009 .018 .015 .002 
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Figures 2 and 3 show how the aerodynamic roughness length (the 
roughness length that would minimize the error between mean predicted 
profile using the logarithmic law and actual data profile) asymptotically 
approaches the actual roughness length at very high wind speeds (i.e. 
1/V tending to zero). Similar graphs have been drawn for the remaining 
direction intervals and the results are given in Table 5 and Table 6 for 
five level and four level least square fit respectively. 
c) Determination of the Optimum Roughness Lengths. Figures h 
and 5 show the average wind speed at different direction intervals for 
all levels compared with the average predicted wind speed for neutral 
conditions using different roughness lengths obtained for the same 
direction intervals by different approaches. 
The figures in the graphs represent the root mean square error 
between calculated and actual profiles averaged over height for each 
stabi1i ty reg ion. 
Similar graphs have been drawn for the remaining seven direction 
intervals. By examining all nine graphs and choosing roughness lengths 
that would minimize the root mean square error between average predicted 
and given wind speed, the following set of optimum roughness lengths 
for Argonne is suggested in Table 9. 
Table 9- Argonne Optimum Roughness Lengths 
Direction Interval 1 2 3 ^ 5 6 7 8 9 
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Comments 
(i) The optimum roughness lengths for Argonne were all based on 
Richardson number selection technique. 
(ii) The variation of roughness length with direction is smooth 
and agrees well with what is expected from topography and land cover in 
Argonne. 
(iii) All points for average data wind speed roughly lie on a 
straight line on a semi-logarithmic scale which proves the validity of 
the methods used for isolation of neutral profiles. 
(iv) The range of variation of roughness lengths around the tower 
is not very wide but still it is wide enough to demonstrate the effect 
of change of roughness on the Monin-Obukov length. 
d) Similarity Layer Thickness. Figures 6, 7, and 8 show the root 
mean square error for each height (absissa) for the four stability 
classes for different directions. Similar graphs have been plotted for 
the remaining six direction intervals. 
Comments 
i) The Argonne tower height is all within the similarity layer 
since the root mean square error never exceeded 1.5 m/s, which in turn 
suggests that the inertial sublayer for Argonne extends to 50 m. for all 
directions and stability regions. 
ii) As expected the errors for the strongly stable case are notice-
ably larger than the errors of the unstable, neutral, and stable cases. 
That is because turbulence in the strongly stable stratification diminishes 
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3.1-2 Kennedy Tower Data 
All the above analysis for Argonne data was repeated for Kennedy 
and the results for Kennedy roughness lengths were consistently smaller 
than those obtained by Fichtl (1969) and Panofsky (1973). Also the 
similarity layer thickness was smaller than expected (see Figure 9). 
But by examining Figures 10, 11, and 12 and similar graphs that 
were plotted for the remaining two direction intervals where the average 
wind speed for neutral conditions were plotted against height on a semi-
logarithmic scale, we can see that all the points lie on a straight line, 
which still proves the validity of the isolation techniques used, except 
for the wind speed at the three m. level which seems to be always on the 
higher s ide. 
There are different explanations for this phenomenon. Since the 
area just around the tower is covered only with mowed grass, then just 
around the tower there is a sudden decrease in roughness length which 
could be responsible for the creation of an internal boundary layer with 
smaller roughness length, i.e. higher wind speed. Also, as has been 
discussed before since the viscous sublayer in the atmospheric boundary 
layer could extend up to five roughness lengths, there is a possibility 
that the three m. level could be in the viscous sublayer since Kennedy 
has a high roughness. 
Also during the course of isolating the neutral profile, no neu-
tral profiles were found for the first three years, which was an anomalous 
result. Later in a private conversation with Fichtl it was found that 
the first three years of temperature data were not taken as ten minute 
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average temperature, rather instantaneous temperature data was taken 
around the hour point. 
Figure 13 shows a schematic representation of the development of 
internal boundary layers. 
Consequently the whole procedure was repeated again disregarding 
the three m. level wind speed and the first three years of data for the 
Kennedy tower. 
The following direction intervals were chosen for Kennedy tower 
based on topography and land cover. 
1. (0 - 90°) 2. (90 - 180°) 3. (180 - 230°) 
4. (230- 315°) 5- (315 - 360°) 
a) Results for Roughness Lengths Based on Richardson Number 
Isolat ion Method. 
Table 10. Kennedy Roughness Lengths Obtained By an 
Eight Level Least Square Fit, |Rl| < .03 
Direction Interval Roughness Length (m) Variation in (m) 
1 .272 .306 - .242 
2 .692 .746 - .6A3 
3 1.136 1.247- 1.035 
4 1.056 1.207- .925 
5 .274 .307 - .245 
b) Results for Roughness Lengths Based on Extrapolation Method. 
Kennedy: Ten m. velocity intervals (3-5, 4.5, 5-5, 6.5, 7-5, 8.5, 9-5, 




















Figure 13- Schematic Representation of the Development 
of Internal Boundary Layer, Flow from 
Smooth to Rough. 
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Table 11. Kennedy Roughness Lengths Obtained by an 
Eight Level Least Square Fit, Using 
Extrapolation Technique 
Di rect ion 1nterval 1 2 3 4 5 
Roughness Length, m. .270 .40 .23 .64 .25 
Figure 14 shows the convergence of aerodynamic roughness length 
at high velocities for direction five. Similar graphs to Figure 14 have 
been plotted for the remaining four direction intervals. 
c) Determination of the Optimum Roughness Lengths. Similar 
figures to Figure 9 were plotted for the five direction intervals, Figure 
15 and 16. By examining all five graphs the optimum roughness lengths 
that would minimize the error between observed and predicted mean wind 
speeds were estimated as a function of direction. 
Table 12. Kennedy Optimum Roughness Lengths 
Di rect ion 1nterval 1 2 3 4 5 
Roughness Length, m. .272 .692 1.14 1.06 .274 
Comments 
i) Still the optimum roughness lengths are based on the Richardson 
number method. Hence in case the temperature profile is available, the 
Richardson number based method is recommended, but if the temperature 
profile is not available, the extrapolation method could be used since 
the errors associated with it are not significantly larger than the 
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extrapolation technique underestimates in most cases the roughness length 
which could be due to the inaccuracy involved in dispensing with the 
temperature profile. 
(ii) The variation of roughness length with direction is smooth and 
agrees well with the topography and land cover. 
(iii) Figure 15 shows the average calculated wind speed versus the 
observed average wind speed against height for the newly estimated rough-
ness length disregarding the three m. level, for the same direction given in 
Figure 9. The roughness length in Figure 9 for direction two is 0.9 m. 
It changed to .692 after elimination of the three m. level while the maxi-
mum error in profile prediction changed from .9 m/s to .5 m/s. For 
direction five the roughness length changed from .03** m. to .27^ m. and 
the maximum error in profile prediction changed from .9 m/s to .k m/s. 
Hence the profiles are relatively insensitive to changes in roughness 
lengths. This is very important to mention since the methodology intended 
to be proposed involves estimation of roughness lengths based on topog-
raphy and land cover which may involve some error. 
(iv) Other estimates for Kennedy roughness lengths were given by 
Panofsky (1973) and Fichtl (1969). 
d) Similarity Layer Thickness. Figures 17 and 18 are similar to 
Figure 6 except it is for Kennedy tower data, also similar graphs have 
been plotted for the remaining three direction intervals. 
Comments 
i) As expected the root mean square errors are larger for stable 
cases which implies that the similarity layer is thicker for unstable and 
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ii) By examining all graphs for all directions the similarity layer 
for Kennedy extends up to 90 - 120 m. except for direction four, it 
extends to 60 - 120 m. 
iii) The errors for the stable stratification are consistently 
larger than the errors for strongly stable stratification, only for 
Kennedy data. 
3.2 Determination of Arbitrary Constants for Best Fit and Comparison 
Between Bussinger and KEYPS Formulae for Unstable Conditions 
Table 13 shows the error associated with Bussinger and KEYPS Formu-
lae for different heights in Argonne data, the error is the root mean 
square error between the hourly observed and predicted profile averaged 
over all unstable profiles and all directions for each height. 
Table 13. Comparison Between Bussinger and KEYPS Formulae 
Height Level No. 1 2 3 k 5 
Bussinger E r ro r m/s .262 .236 0 .258 Ml 
KEYPS Er ror m/s .265 .235 0 .258 .^52 
Table 13 shows that both Bussinger and KEYPS functions work equally 
well for unstable conditions. The KEYPS formulation will be used in our 
mod e1. 
Table 1^ shows the root mean square error between the hourly 
observed and predicted data profiles averaged over direction and height 
associated with different values of Y in KEYPS Function (equation (9)) 
for Kennedy and Argonne data. 
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Table 14. Optimization of Arbitrary Constant T 
Y 4 5 6 7 8 9 10 11 12 
Argonne error m/s . 1498 .i486 .1488 .1497 .1511 .1527 .1547 .1568 .1589 
Kennedy error m/s .421 .422 .441 .459 .475 .489 .503 .576 .527 
Table 14 shows clearly how insensitive the KEYPS function is to 
variation in the arbitrary constant y. The value of y suggested by 
Paulson (1970) will be utilized, y = 10. 
Webb's expansion coefficient a is the value of the first power 
coefficient in a Taylor expansion which was estimated by Bussinger to 
be 4.7 and from 4.5 - 5.2 by Webb. The value of this constant is of 
importance to evaluate not only because of the accuracy of the model 
in the stable region, but also due to the relationship between the 
critical Richardson number and a (equation (29)). The accurate estima-
tion of the critical Richardson number will shed more light on the decay 
of turbulence in the atmospheric boundary layer. 
The following two Figures, 19 and 20, show the root mean square 
error between hourly predicted and observed data profiles averaged over 
direction and height against the corresponding value of a for Argonne and 
Kennedy data respectively. 
As can be seen from the graphs the value of a that minimizes the 
error for Argonne is 2.0 while for Kennedy it is between (1.5 and 2.0). 
The value of 2.0 will be adopted. This value of a implies a criti-
cal Richardson number for Argonne and Kennedy data of 0.5 which is 
61 
considerably higher than the value suggested before by Webb and Bussinger. 
This means that turbulence in the atmospheric boundary layer can be self-
sustaining for higher Richardson numbers. 
3.3 Monin-Obukov Length 
A major objective for this research work is to be able to determine 
with minimum error the value of the Universal Monin-Obukov Length asso-
ciated with a certain roughness length for different ten m. level wind 
speeds and net radiation values. Hence by using (41) we can obtain L 
for any wind speed, net radiation class and roughness length. As men-
tioned in (2.5-2) the Richardson number is used to evaluate L for each 
profile and then the profile is reproduced and the root mean square error 
between the predicted and given profile is calculated and averaged over 
height. If the error is within measurement error, the value of L is 
accepted, otherwise the value of L is considered as a first approximation 
and an iterative technique around the starting value of L is used to 
find the value of L that would minimize the error. 
i) Argonne Data 
Statistical Introduction 
Table 15. Hourly Profiles Statistics 
Total Number of Profiles Unstable Neutral Stable Very Stable 
23158 7899 2276 11553 1430 
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Figure 19- Argonne R.M.S. Error Averaged Over 
Height and Direction against a. 
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Figure 20. Kennedy R.M.S. Error Averaged Over 
Height and Direction Against a. 
6A 
Number of profiles where the theoretical value of 
the Monin Obukov length predicted the profile 
within measurement error 18685 
Number of profiles that required iteration 3817 




Very Stable 1316 
Number of hourly data that did not predict the 
observed profiles within measurement error 656 
The next table shows the root mean square error averaged over 
height and direction for each stability region. 
Table 16. Average R.M.S. Error for Each Stability Region 
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Figure 21 shows the value of (l/L) versus wind speed for different 
net radiation classes, averaged over direction. These values of (l/L) 
correspond to an average roughness of .03 m. The graph shows how accu-
rately the Monin-Obukov length, extracted from the data, using our model, 
follows the expected physical dependence on net radiation and wind speed. 
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Increasing wind speed implies higher wind shear and dominant neu-
tral conditions which implies higher values of L. On the other hand 
increasing radiation level has a destabilizing effect on the atmos-
pheric boundary layer which implies lower values of L and vice versa. 
Figure 22 shows the scatter of the calculated (1/L) around the 
mean value for Argonne data. The error bars indicate the error of the 
mean, the figures on the graph indicate the number of observations for 
2 
each value of (1/L) for a given net radiation class (< -.1 cal/cm /min), 
roughness length (.k2), and for each wind speed. 
Another interesting extraction from Argonne data is shown in 
Figure 23 where the friction velocity (shear stress at the ground) is 
plotted against wind speed for different net radiation classes for the 
average Argonne roughness. Again the variation of friction velocity 
with wind speed follows exactly the expected physical dependence, since 
shear stress at the ground increases with increasing turbulence which is 
due to the increase in wind shear (wind speed). It also decreases with 
increasing radiation due to upward transfer of momentum resulting from 
surface heating. 
The accuracy of the above two graphs indicate the effectiveness 
of the model used and the accuracy of measurement for Argonne tower data. 
Figure 23 shows the variation of the Monin-Obukov length with rough-
ness length for a given net radiation class for all wind speed classes. 
Similar graphs for different net radiation classes show the same trend. 
High values of roughness lengths introduce more turbulence in the atmos-
pheric boundary layer which causes more mixing that shifts the stability 
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Figure 22. Scatter of 1/L Around the Mean 
68 
o Net Radiation -.2 Ly/min 
• Net Radiation .05 Ly/min 
0 Net Radiation .25 Ly/min 
• Net Radiation .^5 Ly/min 
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Figure 25- Mean (1/L) Versus Wind Speed for Stable 
Stratification based on Kennedy data. 
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Figure 26. Mean (l/L) Versus Predicted (1/L) Based on 
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Figure 27. Mean (1/L) Versus Predicted (1/L) Based on 
Argonne Data for Stable Stratification 
with Reversed Initial Values. 
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Figure 28. Mean (l/L) Versus Predicted (1/L) Based on 
Argonne Data for Unstable Stratification. 
o Observed Mean L at Roughness .06^9 m, 
0 Calculated L Starting at Koughness 
.01181 m. 




Figure 29. Mean (1/L) Versus Predicted (1/L) Based on 
Argonne Data for Unstable Stratification 
with Reversed Initial Values. 
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o Observed Mean L at Roughness 
.273 m. Kennedy 
0 Calculated L Starting at Roughness 
.017 m. Argonne 
A The Value of L Used for Calculating 
the Above. 
V rn/s 
gure 30. Mean (1/L) Based on Kennedy Data Versus Predicted 
(1/L) Using Initial Values for (1/L) Based on 
Argonne Data, Stable. 
0.2 r 
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o Observed Mean L at Z Q = .017 m. 
Argonne 
0 Calculated L Starting at Z = .273 m. 
Kennedy 
^ The Value of L Used for Calculating 
the Above. 
0.1 
Figure 31- Mean (l/L) Based on Argonne Data Versus Predicted 
(1/L) Using Initial Values for (l/L) Based on 
Kennedy Data, Stable. 
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the same net radiation and wind speed classes, but at a different 
surface roughness value 
^The value of the Monin-Obukov length used for calculating the above. 
The associated roughness length is given on the graphs. 
Figures 26 and 27 show the agreement between predicted and observed 
(1/L) for the stable stratification. Initial values for (1/L) are given 
at higher roughness length than comparison roughness length (Figure 26), 
and lower roughness length than comparison roughness length (Figure 27). 
Figures 28 and 29 show the agreement between predicted and observed 
(1/L) for unstable stratification. Initial values of (1/L) are given at 
higher roughness length than comparison roughness length (Figure 28), and 
lower roughness length than comparison roughness length (Figure 29). 
Figures 30 and 31 are of particular importance since the change of 
roughness value from Kennedy to Argonne is quite considerable, besides 
two different sets of tower data were used, yet the calculated values of 
L are quite close to the values of L extracted from the profiles. 
In general the graphs show a good agreement except for very high 
values of (1/L) which could be partly due to the singular behavior of 
(1/L) as L approaches zero. Also an error could arise from the sparsity 
of the profiles at certain direction classes since the average direction 
class has not been used yet. 
3.5 Universal Values of the Monin-Obukov Length 
The question of which values of the Monin-Obukov length would be 
used as initial conditions in equation (k\) had to be resolved. In 
terms of sufficiency of data, then the average roughness for Argonne 
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would be adequate. As a check on this choice we had to check if the val-
ues of the Monin-Obukov length for the Argonne average roughness when 
used as initial conditions could reproduce the mean values of the Monin-
Obukov length extracted from the profiles in different direction inter-
vals both in Argonne and Kennedy data. 
Figures 32 and 33 show the agreement between the average values 
of L extracted from the profiles and the values calculated for unstable 
stratification for roughness lengths of .07, and .05 m. respectively. 
The initial values of L were average Argonne values for average rough-
ness. 
Figures 3^ and 35 are the same as above except two different 
direction intervals were used, roughness lengths were taken as .05, 
.07 m., respectively and the stable region was considered. 
Figure 36 is of particular importance since the average roughness 
Monin-Obukov length of Argonne was used to predict the Monin-Obukov 
length for a different tower (Kennedy) and a much higher roughness 
length (1.0 m). 
The agreement seems to be acceptable, hence the average Argonne 
roughness Monin-Obukov lengths were used to establish the universal 
values of Monin-Obukov length as a function of wind speed, net radia-
tion and roughness length. 
Figures 37 through k] show the values of the Monin-Obukov length 
(absissa) against roughness length (ordinate) for different wind speed 
classes at a certain net radiation class. Every figure represents a 







igure 32. Average (l/L) Versus Predicted (l/L) for Unstable 
Stratification, Z 0 = .07, Using Universal (l/L) 









Figure 33. Average 1/L Versus Predicted (1/L) for Unstable 
Stratification, Z 
o 
for Initial Values 
05, Using Universal (1/L) 
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gure 2>h. Average (1/L) Versus Predicted (1/L) for Stable 
Stratification, Z = .05, Using Universal (1/L) 







igure 35. Average (1/L) versus Predicted (1/L) for Stable 
Stratification, Z Q = .02, Using Universal (1/L) 
for Initial Values. 
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Figure 36. Average (1/L) Versus Predicted (l/L) for Stable 
Stratification, Z Q = 1.0, Using Universal (1/L) 
for Initial Values. 
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0 wind speed (0,2 m/s) 
• wind speed (2,3 m/s) 
0 wind speed (3,^ m/s) 
f wind speed (̂ ,5 m/s) 
^ wind speed (5,6 m/s) 
A wind speed (> 6 m/s) 
The graphs show how (1/L) systematically decreases with the in-
crease of roughness length due to the increased production of turbulence 
associated with the increase in roughness length which shifts L towards 
neutral conditions, i.e. |l/L| tends to zero. 
Also |l/L| systematically decreases with the increase of the ten 
m. level wind speed due to neutral conditions created due to mixing asso-
ciated with higher wind speeds. 
Also (l/L) decreases with increasing net radiation due to the 
destabilizing effect of solar radiation on the atmospheric boundary 
layer. 
The same information is given in tables for easier access for 
wind energy applications. 
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Figure 37- 1/L Versus Wind Speed for Radiation 
Class 1. 
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Figure 38. 1/L Versus Wind Speed for Radiation 
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Figure k\. 1/L Versus Wind Speed for Radiation 
Class 9. 
Table 17. Universal Monin-Obukov Length f o r D i f f e r e n t Net 
R a d i a t i o n , Wind Speed Classes, and Roughness Lengths 
Tabulated Values are ( 1 / L ) , m 
% = .001 m. 
Net. Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .163 .151 .087 .069 -.013 -.078 -.149 -.204 -.220 
(2,3) m/s .116 .098 .042 .022 -.016 -.057 -.090 -.102 -.168 
(3,4) m/s .053 .042 .021 -.002 -.020 -.040 -.052 -.073 -.102 
(4,5) m/s .028 .019 .010 -.002 -.015 -.021 -.031 -.047 -.069 
(5,6) m/s .017 .010 .005 -.002 -.013 -.016 -.025 -.035 -.052 
(> 6) m/s .010 .005 .002 -.005 -.010 -.011 -.015 -.020 -.030 
Zo = .005 m. 
(0,2) m/s .143 .132 .074 .059 -.010 -.O63 -.120 -.164 -.177 
(2,3) m/s .100 .084 .035 .018 -.013 -.046 -.073 -.083 -.135 
(3,4) m/s .045 .035 .017 -.001 -.016 -.033 -.042 -.059 -.083 
(4,5) m/s .024 .016 .008 -.001 -.012 -.017 -.026 -.038 -.056 
(5,6) m/s .014 .008 .004 -.001 -.011 -.013 -.020 -.028 -.042 
(> 6) m/s .008 .004 .001 -.004 -.008 -.009 -.012 -.016 -.024 
^ = .01 m. 
(0,2) m/s .134 .123 .069 .054 -.010 -.057 -.107 -.146 -.158 
(2,3) m/s .092 .078 .032 .017 -.012 -.042 -.066 -.074 -.121 
(3,4) m/s .041 .032 .016 -.001 -.015 -.029 -.038 -.053 -.074 
(4,5) m/s .021 .014 .007 -.001 -.011 -.016 -.023 -.034 -.050 
(5,6) m/s .013 .007 .004 -.001 -.010 -.012 -.018 -.026 -.038 
( > 6) m/s .007 .004 .001 -.004 -.007 -.009 -.011 -.015 -.022 
Table 17. (Continued) 
Zo = •- .02 m. 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .125 .114 .063 .049 -.009 -.050 -.095 -.129 -.139 
(2,3) m/s .085 .071 .029 .015 -.011 -.037 -.058 -.066 -.107 
(3,4) m/s .038 .029 .014 -.001 -.013 -.026 -.034 -.047 -.066 
(4,5) m/s .020 .013 .007 -.001 -.010 -.014 -.021 -.031 -.045 
(5,6) m/s .012 .007 .003 -.001 -.009 -.011 -.016 -.023 -.034 




(0,2) m/s .119 .109 .060 .047 -.008 -.047 -.087 -.119 -.128 
(2,3) m/s .081 .068 .027 .014 -.010 -.035 -.053 -.061 -.094 
(3,4) m/s .035 .027 .013 -.001 -.012 -.024 -.031 -.044 -.061 
(4,5) m/s .018 .012 .006 -.001 -.009 -.013 -.019 -.028 -.042 
(5,6) m/s .011 .006 .003 -.001 -.008 -.01 -.015 -.021 -.031 




(0,2) m/s .115 .105 .057 .045 -.008 -.044 -.082 -.112 -.120 
(2,3) m/s .078 .065 .026 .014 -.010 -.033 -.051 -.057 -.093 
(3,4) m/s .034 .026 .013 -.001 -.012 -.023 -.030 -.041 -.057 
(4,5) m/s .017 .012 .006 -.001 -.009 -.013 -.018 -.027 -.039 
(5,6) m/s .011 .006 .003 -.001 -.008 -.010 -.014 -.020 -.030 




(0,2) m/s .112 .102 .055 .043 -.007 -.042 -.078 -.106 -.114 
(2,3) m/s .075 .063 .025 .013 -.009 -.031 -.048 -.055 -.088 
(3,4) m/s .033 .025 .012 -.001 -.011 -.022 -.028 -.039 -.055 
(4,5) m/s .017 .011 .006 -.001 -.008 -.012 -.017 -.026 -.038 
(5,6) m/s .010 .006 .003 -.001 -.007 -.009 -.014 -.019 -.028 
(> 6) m/s .006 .003 .001 -.003 -.006 -.007 -.008 -.011 -.017 
Table 17. (Continued) 
V - -07 m. 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .107 .098 .052 .041 -.007 -.039 -.072 -.097 -.105 
(2,3) m/s .072 .060 .024 .012 -.009 -.029 -.045 -.051 -.081 
(3,4) m/s .031 .024 .011 -.001 -.010 -.021 -.026 -.036 -.051 
(4,5) m/s .016 .010 .005 -.001 -.008 -.011 -.016 -.024 -.035 
(5,6) m/s .010 .005 .003 -.001 -.007 -.009 -.013 -.018 -.026 
(>6) m/s .005 .003 .001 -.003 -.005 -.006 -.008 -.010 -.015 
*o = -°9 m. 
(0,2) m/s .103 .094 .050 .039 -.007 -.037 -.068 -.091 -.098 
(2,3) m/s .069 .057 .023 .012 -.008 -.027 -.042 -.048 -.076 
(3,4) m/s .029 .023 .011 -.001 -.010 -.019 -.025 -.034 -.048 
(A,5) m/s .015 .010 .005 -.001 -.007 -.011 -.015 -.023 -.033 
(5,6) m/s .009 .005 .003 -.001 -.007 -.008 -.012 -.017 -.025 
(>6) m/s .005 .003 .001 -.003 -.005 
7 — 1 n 
-.006 -.007 -.010 -.015 
(0,2) m/s .102 .093 .049 .038 
LQ - .1 m. 
-.006 -.036 -.066 -.086 -.095 
(2,3) m/s .068 .056 .022 .011 -.008 -.027 -.041 -.046 -.074 
(3,4) m/s .029 .022 .011 -.001 -.010 -.019 -.024 -.033 -.046 
(4,5) m/s .015 .010 .005 -.001 -.007 -.010 -.015 -.022 -.032 
(5,6) m/s .009 .005 .002 -.001 -.006 -.008 -.012 -.017 -.024 
(>6) m/s .005 .002 .001 -. 002 -.005 -.006 - 007 -.010 -.014 
Table 17. (Continued) 
Z 
o = .15 m 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,-5) (.5,-6) (>.6) 
(0,2) m/s .096 .087 .046 .035 -.006 -.032 -.058 -.078 -.084 
(2,3) m/s .063 .052 .020 .010 -.007 -.024 -.037 -.041 -.065 
(3,4) m/s .027 .020 .010 -.001 -.009 -.017 -.022 -.030 -.041 
(4,5) m/s .013 .009 .004 -.001 -.007 -.009 -.014 -.020 -.029 
(5,6) m/s .008 .004 .002 -.001 -.006 -.007 -.011 -.015 -.022 
(>6) m/s .004 .002 .001 -.002 
7 
-.004 
— 0 m 
-.005 -.007 -.009 -.013 




— . z m. 
-.005 
-.029 -.053 -.071 -.076 
(2,3) m/s .060 .049 .019 .010 -.007 -.022 -.034 -.038 -.059 
(3,4) m/s .025 .019 .009 -.001 -.008 -.016 -.020 -.028 -.038 
(4,5) m/s .013 .008 .004 -.001 -.006 -.009 -.013 -.018 -.026 
(5,6) m/s .008 .004 .002 -.001 -.005 -.007 -.010 -.014 -.020 
(>6) m/s .004 .002 .001 -.002 -.004 -.005 -.006 -.080 -.012 
Z 
o = .25 m. 
(0,2) m/s .088 .079 .041 .032 -.005 -.027 -.049 -.005 -.070 
(2,3) m/s .057 .047 .018 .009 -.006 -.020 -.031 -.035 -.055 
(3,4) m/s .023 .018 .009 -.001 -.008 -.015 -.019 -.026 -.035 
(4,5) m/s .011 .007 .004 -.001 -.006 -.008 -.011 -.017 -.025 
(5,6) m/s .007 .004 .002 -.001 -.005 -.006 -.009 -.012 -.018 
( >6) m/s .004 .002 .001 -.002 -.004 -.004 -.005 -.007 -.011 
VO 
Table 17. (Continued) 
Zo = .30 m. 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .085 .077 .039 .030 -.005 -.026 -.046 -.060 -.065 
(2,3) m/s .055 .045 .017 .009 -.006 -.019 -.029 -.033 -.051 
(3,4) m/s .023 .017 .008 -.001 -.007 -.014 -.018 -.024 -.033 
(4,5) m/s .011 .008 .004 -.001 -.005 -.008 -.011 -.016 -.023 
(5,6) m/s .007 .004 .002 -.001 -.005 -.006 -.009 -.012 -.018 
(>6) m/s .004 .002 .001 -.002 -.004 -.004 -.005 -.007 -.011 
Zo = .35 m. 
(0,2) m/s .082 .074 .038 .029 -.005 -.024 -.043 -.057 -.060 
(2,3) m/s .053 .044 .017 .008 -.006 -.018 -.028 -.031 -.048 
(3,4) m/s .022 .017 .008 -.001 -.007 -.013 -.017 -.023 -.031 
(4,5) m/s .011 .007 .004 -.001 -.0057 -.007 -.011 -.015 -.022 
(5,6) m/s .007 .004 .002 -.001 -.0046 -.006 -.008 -.012 -.017 
(>6) m/s .004 .002 .001 -.002 -.003 -.004 -.005 -.007 -.010 






(> 6) m/s 
08 .072 .037 .028 
052 .042 .016 .008 
021 .016 .008 -.001 
on .007 .003 -.001 
006 .003 .002 -.001 
003 .002 .001 -.002 
004 -.023 -.040 -.053 -.057 
005 -.017 -.026 -.030 -.045 
007 -.013 -.016 -.022 -.029 
005 -.007 -.010 -.015 -.021 
004 -.005 -.008 -.011 -.016 
003 -.004 -.005 -.007 -.010 VO 
vn 
Table 17. (Continued) 
Zo = .45 m. 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (•1,.2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .078 .071 .035 .027 -.004 -.022 -.038 -.050 -.053 
(2,3) m/s .050 .041 .015 .008 -.005 -.017 -.025 -.028 -.043 
(3,4) m/s .020 .015 .007 -.001 -.006 -.012 -.015 -.021 -.028 
(4,5) m/s .010 .007 .003 -.001 -.005 -.007 -.010 -.014 -.020 
(5,6) m/s .006 .003 .002 -.001 -.004 -.005 -.008 -.011 -.015 
(>6) m/s .003 .002 .001 -.002 -.003 -.004 -.005 -.006 -.009 
Z 
0 
= .5 m. 
(0,2) m/s .077 .069 .035 .026 -.004 -.021 -.O36 -.047 -.050 
(2,3) m/s .044 .040 .015 .008 -.005 -.016 -.024 -.027 -.040 
(3,4) m/s .020 .015 .007 -.001 -.006 -.012 -.015 -.020 -.027 
(4,5) m/s .010 .006 .003 -.001 -.005 -.007 -.009 -.013 -.019 
(5,6) m/s .006 .003 .002 -.001 -.004 -.005 -.007 -.010 -.015 
(>6) m/s .003 .002 .001 -.002 -.003 -.004 -.005 -.006 -.009 
Zo = .55 m. 
(0,2) m/s .075 .067 .034 .026 -.004 -.02 -.035 -.045 -.048 
(2,3) m/s .048 .039 .015 .007 -.005 -.015 -.023 -.025 -.038 
(3,4) m/s .019 .015 .007 -.001 -.006 -.011 -.014 -.019 -.025 
(4,5) m/s .010 .006 .003 -.001 -.004 -.006 -.009 -.013 -.018 
(5,6) m/s .006 .003 .002 -.001 -.004 -.005 -.007 -.010 -.014 
(>6) m/s .003 .002 .001 -.002 -.003 -.003 -.004 -.006 -.009 
Table 17. (Continued) 
Z = .6 m. 
o 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .074 .066 .033 .025 -.004 -.019 -.034 -.043 -.046 
(2,3) m/s .047 .038 .015 .007 -.005 -.015 -.022 -.024 -.037 
(3,4) m/s .019 .015 .007 -.001 -.006 -.011 -.014 -.018 -.024 
(4,5) m/s .010 .006 .003 -.001 -.004 -.006 -.009 -.013 -.017 
(5,6) m/s .006 .003 .002 -.001 -.004 -.005 -.007 -.010 -.014 
(>6) m/s .003 .002 .001 -.002 -.003 -.003 -.004 -.006 -.009 
Z = .7 m. 
o 
(0,2) m/s .071 .063 .032 .024 -.004 -.018 -.031 -.040 -.043 
(2,3) m/s .045 .036 .014 .006 -.005 -.014 -.021 -.023 -.034 
(3,4) m/s .018 .014 .006 -.001 -.006 -.010 -.013 -.017 -.023 
(4,5) m/s .010 .006 .003 -.001 -.004 -.006 -.008 -.012 -.016 
(5,6) m/s .006 .003 .002 -.001 -.004 -.005 -.006 -.010 -.013 
(>6) m/s .003 .002 .001 -.002 -.003 -.003 -.004 -.006 -.008 







(> 6) m/s 
069 .061 .03 .023 
043 .035 .013 .006 
017 .013 .006 -.001 
009 .005 .003 -.001 
005 .003 .002 -.001 
003 .002 .001 -.002 
004 -.017 -.029 -.037 -.040 
004 -.013 -.020 -.021 -.032 
005 -.010 -.012 -.016 -.021 
004 -.005 -.008 -.011 -.015 
004 -.004 -.006 -.009 -.012 
003 -.003 -.004 -.005 -.008 
VJ3 
Table 17. (Continued) 
Z 
0 
= .9 m. 
Net Rad. Ly/min. 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,.3) (.3,-4) (.4,.5) (.5,-6) (>.6) 
(0,2) m/s .067 .059 .029 .022 -.003 -.016 -.028 -.035 -.037 
(2,3) m/s .042 .034 .013 .006 -.004 -.012 -.018 -.020 -.030 
(3,4) m/s .016 .013 .006 -.001 -.005 -.009 -.011 -.015 -.020 
(4,5) m/s .008 .005 .003 -.001 -.003 -.005 -.007 -.011 -.015 
(5,6) m/s .005 .003 .002 -.001 -.003 -.004 -.006 -.008 -.011 
(>6) m/s .003 .002 .001 -.002 -.003 -.003 -.003 -.005 -.007 
Z 
o 
= 1 .0 m. 
(0,2) m/s .065 .057 .028 .021 -.003 -.015 -.026 -.033 -.035 
(2,3) m/s .040 .033 .012 .006 -.004 -.012 -.017 -.019 -.028 
(3,4) m/s .016 .012 .006 -.001 -.005 -.009 -.011 -.015 -.019 
(4,5) m/s .008 .005 .0023 -.001 -.003 -.005 -.007 -.010 -.014 
(5,6) m/s .005 .002 .0015 -.001 -.003 -.004 -.006 -.008 -.011 
(>6) m/s .002 .002 .001 -.002 
7 
-.002 
— 9 m 
-.002 -.003 -.005 -.007 




— c m. 
-.002 
-.010 -.016 -.020 -.021 
(2,3) m/s .031 .025 .009 .004 -.003 -.008 -.011 -.012 -.017 
(3,4) m/s .012 .009 .004 -.001 -.003 -.006 -.007 -.010 -.012 
(4,5) m/s .006 .004 .002 - 001 -.002 -.003 -.005 -.007 -.009 
(5,6) m/s .004 .001 .001 -.001 -.002 -.003 -.004 -.005 -.007 
(>6) m/s .001 .001 .001 -.001 -.001 -.001 -.002 -.003 -.005 
CO 
oo 
Table 17. (Continued) 
Z = 3 m. 
o 
Net Rad. Ly/min 
Wind Speed m/s <-.l (-.1,0) (0,.l) (.1,-2) (.2,-3) (.3,.4) (•4,.5) (.5,-6) (>.6) 
(0,2) m/s .044 .038 .017 .012 -.002 -.007 -.01 -.012 -.013 
(2,3) m/s .025 .020 .007 .003 -.002 -.006 -.007 -.008 -.011 
(3,4) m/s .009 .007 .003 -.001 -.003 -.004 -.005 -.007 -.008 
(4,5) m/s .004 .003 .001 -.001 -.002 -.003 -.003 -.005 -.006 
(5,6) m/s .003 .001 .001 -.001 -.002 -.002 -.003 -.004 -.005 
(>6) m/s .001 .001 .001 -.001 -.001 -.001 -.002 -.003 -.003 
Z = 4 m. 
o 
(0,2) m/s .038 .032 .014 .010 -.001 -.005 -.006 -.007 -.007 
(2,3) m/s .021 .016 .005 .603 -.002 -.004 -.005 -.005 -.006 
(3,4) m/s .007 .005 .003 0.0 -.002 -.003 -.004 -.005 -.005 
(4,5) m/s .003 .002 .001 0.0 -.001 -.002 -.003 -.003 -.004 
(5,6) m/s .002 .001 .001 0.0 -.001 -.002 -.002 -.003 -.004 
(>6) m/s .001 .001 .00 .001 -.001 -.001 -.001 -.002 -.003 
ZQ = 5 m. 
(0,2) m/s .033 .027 .011 .008 -.001 -.003 -.003 -.003 -.003 
(2,3) m/s .017 .013 .004 .002 -.001 -.003 -.003 -.003 -.003 
(3,4) m/s .006 .004 .002 0.0 -.001 -.002 -.002 -.003 -.003 
(4,5) m/s .003 .002 .001 0.0 -.001 -.001 -.002 -.002 -.003 
(5,6) m/s .002 .001 .001 0.0 -.001 -.001 -.002 -.002 -.002 
(>6) m/s .001 .001 0.0 -.001 -.001 -.001 -.001 -.001 -.002 
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3.6 Methodology Suggested for Projection of Wind 
Speed with Height 
a. Most of the National Weather Service meteorological stations 
have the anemometer heights around 6 - 10 m. level, but in case it is 
not exactly 10 m. then the following equation could be used to adapt the 
wind speed to the 10 m. level taken from Justus and Mikhail (1976) 
V Z n 
vf = <z7> ™ 
where 
n = (0.37 - .0881-In V )/(l - .0881•lnCZj/10)) (64) 
where V is the wind speed at height Z and V is the wind speed at 
height 1^ 
The error associated with using these statistics based equations 
for adapting wind speed to the ten m. level will not be too large, since 
most anemometer heights will be near the ten m. level. 
b. If a net radiation measuring instrument is available then 
the net radiation is recorded. Otherwise the information about time 
of day and year and location can be used to determine the theoretical 
solar radiation which could be related to net radiation through a cloud 
cover factor (see p. 25"27, and Appendix A). 
c. Estimate the roughness length based on the type of terrain 
and surface cover (2.5). 
d. Use net radiation, ten m. level wind speed, and roughness 
length to estimate the Monin-Obukov length (see Table 17). 
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e. An alternate method for evaluation of Monin-Obukov length 
is using ten m. level wind speed, estimated insolation in three cate-
gories (strong, moderate, light), and cloud cover observation to 
obtain Pasqui11-Gifford stability category (Table 19), then from esti-
mated roughness length and Pasqui11 stability category the value of 
1/L can be estimated from Figure A8. 
f. Determine stability category using the value of the Monin-
Obukov length (see 2.5~2). 
g. Use equation (10) to project wind speed with height, substi-
tuting for I|J. from (21) or determine <J>. from Table 2 and substitute in 
(lA) for unstable conditions. For stable stratification determine ty. 
from (27). For neutral and strong stability ty. = 0. 
3-7 Verification of the Suggested Methodology 
To estimate the accuracy of the methodology suggested it was 
put to test for Argonne and Kennedy data. For each hourly profile the 
direction was used to determine the roughness that has already been 
estimated as a function of direction, also the ten m. level wind speed 
and net radiation were extracted from the hourly data and used to deter-
mine L; from equation (Al) L was adapted to the local roughness length. 
L was fed into the model to predict the wind speed profile. The root 
mean square error between predicted and observed profiles was calculated 
as a function of direction, height, and stability class. 
Figures hO through hS show the r.m.s error against height for 
each stability at selected direction intervals for Argonne and Kennedy 
data respectively. The figures on the graphs are the root mean square 
errors for that particular direction interval averaged over height for 
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each stability region. The root mean square errors for these graphs 
are naturally larger than those indicated by Figures 6, 7, 17 which 
is expected since in this case a set of L values for each wind speed 
and net radiation class at a certain roughness is fed into the program 
and modified at each direction interval for the appropriate roughness 
using (Al) rather than extracted from the profiles. 
The maximum r.m.s. error for all heights and stabilities aver-
aged over direction, is 0.7 m/s, which shows that within the height of 
the Argonne tower (= 50 m.) the theory predicts the profile within 
measurement error. 
Kennedy data shows that the maximum r.m.s. error is always 
around 1.5 m/s up to 100 m. which is still within the range of accuracy 
expected from this model, bearing in mind that the error between the 
average predicted and observed wind speed is almost half the r.m.s. 
error which represents the instantaneous deviations of the predicted 
value from the observed one. The anomalous behavior observed is that 
the r.m.s. error for the unstable region is higher than that for stable 
and neutral regions, for all direction intervals. This was not 
expected since the unstable region adheres better to the similarity 
theory than does the stable region. 
This anomalous behavior confirms the previously mentioned observa-
tion about the inaccuracy of the radiation data for the unstable region 
(daytime radiation). 
Disregarding the high r.m.s. error values associated with 
unstable stratification for Kennedy, the max r.m.s. error values 
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stabilities averaged over direction is 1.1 m/s. 
If the errors for the unstable region are included then the 
maximum r.m.s. error would be 1.6 m/s. 
The average wind speed for the kS m. level in Argonne is 6.7 
m/s and for the 90 m. level in Kennedy is 8.36 m/s. Hence the errors 
associated with the prediction of an instantaneous wind speed using 
the given methodology for the k$ m. level in Argonne tower is 10% and 
for Kennedy tower is 13% and including the errors for the unstable 
region is \3%. These error percentages are maximum errors. 
For the accuracy of the prediction of mean wind speed the follow-
ing table gives the mean observed and predicted wind speed averaged over 
direction, for five years of data for Argonne and two years of data for 
Kennedy. The mean wind speeds are given for these different stabilities 
and for the ^5 m. level for Argonne and 90, 120, 150 m. levels for 
Kennedy. 
Table 18. The Accuracy of Prediction of Mean Wind Speed 
for Kennedy and Argonne Data 
Argonne ^5 m. Level 
Mean Wind Speed 
Kennedy 90 m. Level 






Mean Mean Error 










8.66 7.5^ 13% 
10.1 9.86 1% 
6.68 6.32 5% 
(Continued) 
no 
Table 18. (Continued) 
Kennedy 120 m. Level Kennedy 150 m. Level 
Mean Wind Speed Mean Wind Speed 
_ u-i-4- Mean Mean Error Mean Mean Error 
Observed Predicted Percentage Observed Predicted Percentage 
Unstable 9.18 7.78 \2% 9-8 8.02 18* 
Neutral 10.7 10.36 3% 11.3 11.0 3% 
Stable 7.22 7.02 ]% 7.76 7.6 2% 
The maximum error of the mean wind speed prediction for Argonne is 3% 
and for Kennedy up to 120 m. is 13%. 
3.8 The Relationship between the Monin-Obukov Length Based 
Stability and Pasquil }-G? f ford Stability Classes 
For the average Argonne roughness the values of net radiation 
classes were related to Pasqui11-Gifford radiation index and the wind 
speed intervals, adjusted to Pasquil1-Gifford wind speed intervals such 
that the minimum value of |l/L| would fall in Pasqui 11-Gifford class D 
which is the neutral stability. Hence the bounds of 1/L associated 
with each stability class were established for the average Argonne 
roughness. Then equation [k]) was used to determine these bounds for 
different roughness lengths. 
Figure k8 shows the relationship between (1/L) and Pasqui 11 
Gifford stability classes for different roughness lengths. 
Golder (1972) related the Pasqui 11-Gifford stability classes to 
stability parameter (1/L) for different roughnesses by analyzing dif-
ferent tower data with roughness lengths varying between .002 to \k, 
Ill 
Figure 48. The two figures compare fairly well which could also be 
used as a verification for equation (41). 
Table 19 gives Pasqui11-Gifford stabi1ity categories as a func-
tion of 10 m. level wind speed, insolation given in three categories 
(strong, moderate, slight), and cloud cover information. 
Table 19. Pasqui11-Gifford Stability Classes 
Night 
Surface Insolation Thinly Overcast 
Wind Speed or <_ 3/8 





< 2 A A-B B 
2-3 A-B B C 
3-5 B B-C C 
5-6 C C-D D 
> 6 C D D 
The neutral category, D, should be assumed for overcast conditions 
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Figure k3. 1/L as a Function of Pasquill Classes and Z 




The model suggested requires a uniform or a gradual change of 
roughness with direction. The effect of sudden changes of topography 
and roughness on the atmospheric boundary layer needs to be investi-
gated. 
The effect of unsteady conditions on the accuracy of the model 
need to be examined. The inaccuracy of some of the results of Kennedy 
tower data might be traced to the unsteady conditions associated with 
ocean effect. Also the effect of the moving weather patterns on the 
accuracy of the model and the averaging periods for the different param-
eters should be examined. 
The accuracy of the model needs to be further checked using dif-
ferent towers from the ones used in this thesis. 
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APPENDIX A 
NOAA SOLAR MODEL 
NOAA has prepared a set of linear regression equations to predict 
global (direct plus diffuse) solar radiation based largely on cloudiness 
and sunshine information. The approach involves two steps: first, 
prediction of clear sky solar radiation as a function of zenith angle 
of the sun (dependent on station latitude, time of day, and day of year), 
and second, a correction factor applied to the clear sky radiation for 
cloudiness and for less than maximum possible duration of sunshine. 
The coefficients are derived from an approximately 25~year record 
of data at each of the 26-stations from which solar radiation data have 
been rehabilitated for pyranometer calibration degradation. The regres-
sion coefficients were estimated in the following fashion. The SOLMET 
data tapes consist of hourly records and contain among other observed 
weather data, the integrated hourly solar radiation,the number of min-
utes of sunshine, the tenths of opaque and total cloudiness. Five 
regression equations were developed for stations with sunshine records, 
three equations for the remaining stations. These include: 1) clear sky, 
2) sunshine or opaque cloud, 3) opaque cloud only, 4) sunshine only, and 
5) sky cover conditions. The description of the variables in the various 
equations are as follows: 
1) C1ear Sky: The hourly solar radiation value is the dependent 
variable. The independent variable is the cosine of the solar zenith 
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angle which is computed at the half hour of the given solar hour, there 
are zero tenths of total cloudiness encoded for this hour. The form 
of the equation is: 
SRC = A + A, cos ZA + A0 cos
2ZA + A0 cos
3ZA (A-l) 
o I l 5 
where 
SRC is the clear sky hourly integral solar radiation (K. Joules/m.). 
The A terms were determined separately for the mornings and afternoons 
for each month of the year. The A., A , and A terms were estimated 
for mornings and afternoons, hopefully to account for diurnal and 
seasonal variations of such factors as turbidity and water vapour. As 
might be expected, there seems to be strong similarities between sta-
tions in the same type of climatic regime, vi'.., eastern coastal sta-
tions or southwestern semi arid stations. 
2) Sunshine-opaque cloud: The hourly solar radiation value is 
related to the function of possible sunshine, the tenths of opaque 
cloudiness and a precipitation variable. The equation form is 
SF = SRC*[B + B,SS + Bo0PQ + Bo0PQ
2 + B,OPQ3 + BrRN] (A-2) 
o 1 2 3 4 5 
where: 
2 
SR is the hourly solar radiation (K-Joules/m ) 
SRC is the clear sky solar radiation from (A-l) 
SS is the number of minutes of sunshine/60. 
OPQ is the tenths of opaque cloudiness/10. 
RN is precipitation value which is zero for no precipitation 
and 1 if precipitation of some form is reported. 
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3) Opaque cloud only: This is the same as (A-2) except there is no 
sunshine term. 
SR = SRC*[CQ + C20PQ + C OPQ
2 + C^OPQ3 + C RN] (A-3) 
k) Sunshine only: This is the converse of (A~3) and is used 
when there is no opaque cloudiness information. 
SR = SRC*[D + DjSS + D RN] (A-4) 
5) Sky Condition: This equation which is the least preferred 
of the regression equations, uti1izes the sky cover information, the 
form of the equation is: 
7 
SR = SRC*[E + J E.SC. + E0RN] (A-5) 
° i=l ' ' 8 
where: 
SRC, SR and RN are as before 
SC. is 0 or 1 depending on whether the sky cover variable is 
present or absent at any of the four levels 
SC, is thin scattered; 0.1 - 0.5 cover 
SC_ is opaque scattered; 0.1 - 0.5 cover 
SC. is thin broken; 0.6 - 0.9 cover 
SC , is opaque broken; 0.6 - 0.9 cover 
SCj. is thin overcast; 1.0 cover 
SC , is opaque overcast; 1.0 cover 
SC? is partial or total obscuration. 
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APPENDIX B 
WIND POWER ESTIMATION ERROR ASSOCIATED WITH WIND SPEED 
PREDICTION ERROR 
For a wind speed V the theoretically available power P , in Watts 
is computed by 
Pth = 8pV
3A/27 (B-l) 
where the air density p is taken to be the sea level value 1.255 Kg/m , 
2 
A is the rotor swept area in m and the factor is (8/27) 1/2 the 
Betz coefficient of an ideal rotor. Hence the error in theoretical 
power output due to 15% error in wind speed prediction is given 
approximately by 
-p^ 1 = ^ = 3(15%) = **5% (B-2) 
th V 
The mean extractable power output P versus mean wind speed V was given 
by Justus et al. (1976) as 
Pr = a + b 1_ (B-3) 
r 
where V is wind turbine rated wind speed and P is rated power. 
Hence 
~ = b §1 (B-4) 
V 
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substituting empirically observed values -0.3 for a and 1.0 for b, and 
assuming V /V to be approximately 1.3 (appropriate for optimally 
designed wind turbines) we obtain 
^ = ( 1 . 6 ) # (B-5) 
P V 
for a maximum wind speed error prediction of 15% the corresponding 
mean power output error is lh%. 
The above analysis shows that the mean power output error is of 
the same order of the wind speed prediction error. While the theo-
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